Focal therapies play an important role in the treatment of cancers where palliation is desired, local control is needed, or surgical resection is not feasible. Pairing immunotherapy with such focal treatments is particularly attractive; however, there is emerging evidence that focal therapy can have a positive or negative impact on the efficacy of immunotherapy. Thermal ablation is an appealing modality to pair with such protocols, as tumors can be rapidly debulked (cell death occurring within minutes to hours), tumor antigens can be released locally, and treatment can be conducted and repeated without the concerns of radiation-based therapies. In a syngeneic model of epithelial cancer, we found that 7 days of immunotherapy (TLR9 agonist and checkpoint blockade), prior to thermal ablation, reduced macrophages and myeloid-derived suppressor cells and enhanced IFN-gproducing CD8 + T cells, the M1 macrophage fraction, and PD-L1 expression on CD45 + cells. Continued treatment with immunotherapy alone or with immunotherapy combined with ablation (primed ablation) then resulted in a complete response in 80% of treated mice at day 90, and primed ablation expanded CD8 + T cells as compared with all control groups. When the tumor burden was increased by implantation of 3 orthotopic tumors, successive primed ablation of 2 discrete lesions resulted in survival of 60% of treated mice as compared with 25% of mice treated with immunotherapy alone. Alternatively, […] 
Introduction
Local ablative therapies such as high-intensity focused ultrasound, ablative radiotherapy, radiofrequency ablation, and cryotherapy are increasing in clinical use. As patients are living longer with metastatic disease, such therapies provide local control and palliation of tumors. In recent years, the extension of survival in patients with metastatic disease is due in part to the success of new immunotherapy strategies, including checkpoint inhibition (1, 2) . The administration of a checkpoint blockade has yet to be refined; many questions remain about the optimal scheduling and dosing for specific cancers and the biomarkers that are associated with disease outcome (3) . Multiple strategies to enhance the response of checkpoint inhibitors have been proposed, including additional systemic chemotherapies (4) (5) (6) or immunotherapies (7, 8) and local therapies (9, 10) . There is a growing interest in combining immunotherapy with ablative strategies, but little data is available to guide if and how these modalities should be combined (9) . Our goal is to combine imaging, immunological, and histopathological assays to determine whether mechanical and immunologic changes in the tumor microenvironment resulting from focal ablation impact the window of opportunity for employing immunotherapy.
Focal therapies play an important role in the treatment of cancers where palliation is desired, local control is needed, or surgical resection is not feasible. Pairing immunotherapy with such focal treatments is particularly attractive; however, there is emerging evidence that focal therapy can have a positive or negative impact on the efficacy of immunotherapy. Thermal ablation is an appealing modality to pair with such protocols, as tumors can be rapidly debulked (cell death occurring within minutes to hours), tumor antigens can be released locally, and treatment can be conducted and repeated without the concerns of radiation-based therapies. In a syngeneic model of epithelial cancer, we found that 7 days of immunotherapy (TLR9 agonist and checkpoint blockade), prior to thermal ablation, reduced macrophages and myeloid-derived suppressor cells and enhanced IFN-γ-producing CD8 + T cells, the M1 macrophage fraction, and PD-L1 expression on CD45 + cells. Continued treatment with immunotherapy alone or with immunotherapy combined with ablation (primed ablation) then resulted in a complete response in 80% of treated mice at day 90, and primed ablation expanded CD8 + T cells as compared with all control groups. When the tumor burden was increased by implantation of 3 orthotopic tumors, successive primed ablation of 2 discrete lesions resulted in survival of 60% of treated mice as compared with 25% of mice treated with immunotherapy alone. Alternatively, when immunotherapy was begun immediately after thermal ablation, the abscopal effect was diminished and none of the mice within the cohort exhibited a complete response. In summary, we found that immunotherapy begun before ablation can be curative and can enhance efficacy in the presence of a high tumor burden. Two mechanisms have potential to impact the efficacy of immunotherapy when begun immediately after thermal ablation: mechanical changes in the tumor microenvironment and inflammatory-mediated changes in immune phenotype.
Local radiotherapy, thermal therapy and TLR agonists can elicit immunogenic cell death (ICD) to potentiate the clonal expansion of tumor-specific T cells (9) . Each stimulates some degree of immunization to tumor-associated antigens following treatment (11, 12) ; however, each has proven insufficient to overcome tumor-mediated immunosuppression, thus limiting the abscopal effect and the ability to treat metastatic disease (9, (13) (14) (15) (16) . We specifically explore the implementation of magnetic resonance-guided focused ultrasound (MRgFUS) ablation combined with TLR agonists and checkpoint inhibitors. The clinical indications for MRgFUS have exploded in recent years due to the opportunity to precisely deliver treatment to select regions of interest (17) (18) (19) ; thermal ablation of large regions is clinically targeted by scanning the ultrasound focus in a circular pattern or creating a grid pattern of overlapping ablation points (20, 21) . Treatment is monitored by MRI and thermometry, which are used to direct the ultrasound beam and generate maps of the temperature and thermal dose in real-time (22) (23) (24) . Here, the ultrasound beam was electronically focused in the tumor to a volume of 0.5 × 0.5 × 1.5 mm 3 and rapidly swept through the tumor volume to accomplish a treatment plan developed by the operator.
Thermal ablative therapies have the potential to speed cell death as compared with radiotherapy. While the full measure of ICD resulting from radiotherapy requires weeks to evaluate completely, the effects of heat-mediated ablation are nearly immediate (25) . Response to current immunotherapy protocols also requires months to be realized; thermal ablation has the potential to offer rapid response and palliation. Such treatments can be repeated on a schedule that can be optimized for each patient without concern for radiation-mediated toxicities. Here, we create thermoablative-immunotherapy (TA-immunotherapy) protocols by combining anti-PD-1 (αPD-1) therapy with a TLR agonist (CpG) and ablation, and we compare protocols in which immunotherapy begins before or after ablation. We evaluate the combined protocols in the neu exon deletion line (NDL) syngeneic, orthotopic breast cancer model of epithelial, focal, mammary adenocarcinoma (26, 27) . Given the growing use of immunotherapy and focal therapies in the clinic and in combining these modalities, these studies have profound and direct clinical implications for how immunotherapy should be combined with ablative strategies.
Results
MRgFUS ablation induces rapid, ICD to transiently suppress local tumor growth. Prior to treatment, we first quantified the native tumor infiltrating lymphocyte population by flow cytometry at day 28 after implantation (~5 mm in diameter). Leukocytes (CD45 + cells) represented 3.6% ± 2.2% of the live cells and were comprised of the following as a fraction of CD45 + cells: CD4 + T cells (7.3% ± 3.8%), CD8 + T cells (20.7% ± 10.3%), IFN-γ-producing CD4 + T cells (0.77% ± 0.34%), IFN-γ-producing CD8 + T cells (2.3% ± 1.34%), macrophages (15.6% ± 2.8%), myeloid-derived suppressor cells (MDSCs) (3.3 ± 2.2%), DCs (21.8% ± 3.5%), and NK cells (15.3% ± 12.4%).
To characterize the immune effects of MRgFUS ablation on treated and distant tumors, we analyzed tumor growth, changes in immunocyte populations, and tumor histology after a schedule of thermal dosing. Two treatments of MRgFUS ablation (Figure 1 , A-C) to a discrete region within a single tumor in bilaterally transplanted mice were performed on days 21 and 28 after tumor transplantation. MRgFUS provided the opportunity to tailor the treatment to the tumor region of interest by mechanically scanning the ultrasound focus in a circle that conformed to the tumor diameter and monitoring both the local temperature increase and overall thermal dose. Thermal ablation was sufficient to suppress the treated tumor growth ( Figure 1D ) compared with the no-treatment control ( Figure 1F ); 43% (3 of 7) of the treated tumors exhibited a reduced growth rate. This effect was transient, however, and by day 40, all treated tumors began to progress. Ultimately, MRgFUS ablation did not significantly alter the average contralateral tumor growth ( Figure 1E ) compared with the no-treatment control and therefore did not impact mean survival.
To elucidate the immune effects responsible for local tumor suppression after thermal dosing, we performed flow cytometry at day 28, prior to the second application of thermal ablation. Significant increases in IFN-γ-secreting CD4 + T cells (IFN-γ CD4 + T cells) ( Figure 1G ) and cytotoxic CD8 + T cells (CD8 + T cells) ( Figure 1H ), as well as a significant decrease in Tregs ( Figure 1I ), were observed in the treated tumor only. Further, we evaluated high mobility group box 1 (HMGB1) protein release (a damage-associated molecular pattern capable of activating TLR4 signaling) in NDL cells in vitro to assess changes likely to result in signaling related to ICD. Specifically, we found that thermal dosing was capable of eliciting ICD, as indicated by the release of HMGB1, with an effect that peaked near 60°C and was similar to the wellknown effect of the anthracycline doxorubicin ( Figure 1J ).
H&E staining obtained at day 31 confirmed a large reduction in viable tumor cells within the treated tumor compared with tumors in nontreated control mice ( Figure 1 , K and L). All tumors treated with MRg-FUS ablation contained residual tumor lesions in the periphery that were viable ( Figure 1L , red arrows), presumably outside the path of the ultrasound beam and explaining the tumor regrowth seen in survival studies. The viability of contralateral tumors was unaffected by MRgFUS ablation ( Figure 1M ).
Thermal ablation alters the local tumor microenvironment and intratumoral transport. We then applied positron emission tomography (PET), contrast-enhanced T1-weighted MRI (CET1wMRI), and tumor histology to characterize the effects of MRgFUS ablation on solid tumor transport.
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Cu-labeled albumin was injected into the tail vein immediately after MRgFUS ablation of a single tumor in mice bearing bilateral , where residual viable tumor tissue (red arrows) existed outside the path of the ultrasound beam. Thermal ablation did not reduce viable (M) contralateral tumor tissue (n = 3). *P < 0.05, **P < 0.01, ****P < 0.0001, †P < 0.05 compared with 37°C group, ‡P < 0.01 compared with 37°C + Dox group. Scale bar: 3 mm. Statistics for G-I were determined by ANOVA followed by Fisher's LSD without multiple comparisons correction, and those for J were determined by ANOVA followed by Tukey multiple comparison correction.
tumors and traced over a 48-hour period (Figure 2, A-F) . The 64 Cu-labeled tracer accumulated in the tumor by 0.5 hours (Figure 2A) , and the temporal peak of the spatial maximum accumulation occurred at 6 hours after MRgFUS ablation ( Figure 2F ). Moreover, it was evident that 64 Cu-labeled albumin permeated away from the treated tumor over a period of 48 hours (Figure 2 , B-F), suggesting enhanced lymphatic drainage. By 24 hours, 64 Cu-labeled albumin accumulated only in the rim of the tumor ( Figure 2D ) and was no longer evident in the center of the lesion. Immediately after ablation, H&E of the lymph nodes near the ablation site demonstrated the presence of red blood cells within lymphatic channels, indicating enhanced Tumor histology by H&E demonstrated the biologic response to MRgFUS ablation ( Figure 2 , O-Q). The center of the tumor, where ablation was performed, appears heat fixed with shrunken but intact nuclei and with preservation of tissue architecture ( Figure 2P , black arrow). Adjacent to this heat-fixed region, the surrounding tumor tissue is discohesive and nonviable, with some ghosted nuclei and local edema ( Figure  2P , yellow arrow). Thus, our results suggest that, although there is increased vascular permeability and intratumoral (i.t.) transport immediately after FUS, this effect is short lived; within 24 hours, the central ablated region becomes impermeable, and transport of small and large tracers from the tumor is evident. Inflammation was observed 48 hours after tumor ablation, where leukocytes were densely concentrated in the periphery of the tumor ( Figure 2Q Immunotherapy begun coincident with thermal ablation diminished the efficacy of immunotherapy. We next evaluated the therapeutic efficacy of administering MRgFUS ablation immediately before (termed coincident with) immunotherapy. Since a protocol involving αPD-1 alone did not reduce tumor growth and CpG alone did not significantly reduce average contralateral tumor growth, we developed a protocol that coupled thermal dosing with checkpoint blockade of the PD-1/PD-L1 axis and TLR9 stimulation via αPD-1 and CpG administration, respectively ( Figure 3A) . To assess the efficacy of this coincident TA-immunotherapy approach, we investigated the effects of treatment on tumor growth, tumor histology, immunocyte populations, and animal survival in bilateral NDL tumor-bearing mice ( Figure 3 ). We found that both immunotherapy alone and coincident TA-immunotherapy suppressed growth of the directly treated tumor ( Figure 3B ). While the inclusion of thermal ablation did not reduce the mean tumor growth rate beyond that achieved with immunotherapy alone, tumors treated with a thermal dose were observed to have more necrosis by day 35 (Supplemental Figure 3, A-D) . This effect was transient, however, and tumor regrowth occurred in the majority of animals. Interestingly, contralateral tumor growth was significantly more rapid for coincident TA-immunotherapy as compared with immunotherapy-only protocols ( Figure 3C ). The mean tumor growth rate diverged near day 31 (after the second ablation) with significantly larger tumor growth for the ablation + CpG + αPD-1 cohort after day 38 as compared with CpG + αPD-1 treatment. Growth suppression was also reduced for ablation + CpG, as compared with CpG-treated animals, although the difference was not significant (Supplemental Figure 2B) . Survival of all treatment groups was assessed over 100 or more days. The addition of CpG or CpG + αPD-1 to MRgFUS ablation increased survival compared with MRgFUS ablation alone. Further, survival was extended in the immunotherapy-only cohort as compared with the coincident TA-immunotherapy cohort. CpG + αPD-1 treatment produced a 66% survival rate at day 180, and a complete response was achieved in all surviving animals ( Figure 3D ).
To understand the mechanisms underlying differences in responses of distant tumors to immunotherapy and coincident TA-immunotherapy, we evaluated immune cell populations with flow cytometry and IHC 
]). (E-H)
The fourth and ninth mammary fat pad (tumor and the embedded node) was harvested at day 28, and immunocytes were quantified via flow cytometry (n = 4 per group). Number of (E and F) leukocytes and (G and H) IFN-γ CD8 + T cells in treated (E and G) and contralateral (F and H) tumors. For box-and-whiskers plots, the whiskers represent the minimum and maximum values, the box boundaries represent the 25th and 75th percentiles, and the middle line is the median value. (I) IHC on day 50 verified that both CpG + αPD-1 (n = 3) and ablation + CpG + αPD-1 (n = 3) increased infiltrating CD8 + T cells (brown stain) in contralateral tumors compared with NT controls. C was analyzed using an unpaired t test assuming unequal variance comparing mean tumor volume of CpG + αPD-1 and ablation + CpG + αPD-1 at each day. E-H were analyzed by ANOVA followed by Fisher's LSD test without multiple comparisons correction. Scale bars: 150 μm.*P < 0.05, **P < 0.01, ***P < 0.001. insight.jci.org https://doi.org/10.1172/jci.insight.90521 + leukocytes in treated and contralateral tumors. For box-and-whiskers plots, the whiskers represent the minimum and maximum values, the box boundaries represent the 25th and 75th percentiles, and the middle line is the median value. Statistics in A-E were determined by ANOVA followed by Fisher's LSD test without multiple comparisons correction. *P < 0.05, **P < 0.01, ***P < 0.001, ‡P < 0.05 compared with all groups.
T cells ( Figure 3I ) were similarly elevated in ablation + CpG + αPD-1 and CpG + αPD-1 contralateral tumors compared with no-treatment controls. Treg density was similar across all treatment groups in contralateral tumors and was spatially distributed along the tumor periphery (Supplemental Figure 5, A-F) .
In order to further characterize potential mechanisms for the reduced efficacy of coincident TA-immunotherapy, the fraction of macrophages and MDSCs was evaluated in both the treated and contralateral tumors. In the coincident TA-immunotherapy directly treated tumor, macrophages were elevated compared with all other treatment groups ( Figure 4A ). In the contralateral tumors, both macrophages and MDSCs were reduced following CpG + αPD-1 and ablation + CpG + αPD-1 treatments, and M1 macrophage markers were significantly elevated (Figure 4, A and B , and Supplemental Figure 6, A and B) . MDSCs ( Figure 4B ) were significantly reduced in CpG + αPD-1-treated tumors but not in ablation + CpG + αPD-1-treated tumors, as compared with controls.
The expression of PD-1 and PD-L1 was then assessed after 1 week of treatment (day 28). The fraction of PD-1 expression on tumor-infiltrating CD4 + T cells was reduced in contralateral tumors of mice treated with ablation + CpG + αPD-1 and CpG + αPD-1 ( Figure 4C ). In mice treated with coincident TA-immunotherapy, PD-L1 was enhanced on CD45 -tumor and stromal cells in the treated tumor, and a trend toward enhancement was observed in other groups ( Figure 4D ). Further, PD-L1 expression was significantly elevated on CD45 + cells in treated tumors from both CpG + αPD-1 and ablation + CpG + αPD-1 groups ( Figure  4E ). However, in the contralateral tumors, PD-L1 was significantly increased following immunotherapy but not following coincident TA-immunotherapy ( Figure 4E ). Given this combination of changes in immune phenotype resulting from CpG + αPD-1 (enhanced IFN-γ-producing CD8 + T cells, reduced MDSCs and macrophages, an enhanced M1 macrophage fraction in distant tumors, and enhanced PD-L1 expression in CD45 + cells), a 7-day course of CpG + αPD-1 was next evaluated as a priming protocol before ablation. Further, these results provide evidence of both reduced antitumor activity and lower efficiency in modulating the tumor-suppressive environment with a coincident TA-immunotherapy protocol.
Priming prior to thermal ablation rescues efficacy and generates a rapid antitumor response. We next investigated sequential administration of 7 days of immunotherapy followed by a TA-immunotherapy protocol (primed TA-immunotherapy) or continued immunotherapy alone ( Figure 5A ). We found that primed TA-immunotherapy (ablation + CpG + αPD-1-Prime) and immunotherapy (CpG + αPD-1-Prime) treatments dramatically suppressed tumor growth in both the treated and contralateral tumors, producing an 80% complete response by day 90 ( Figure 5 , B and C). Tumor growth suppression occurred sooner for primed TA-immunotherapy compared with immunotherapy alone ( Figure 5 , B and C). In particular, for the CpG + αPD-1-Prime cohort, contralateral tumor volume increased in all mice up to day 38, reaching a peak of ~0.15 cm 3 , while peak volume was ~0.06 cm 3 for the treatment incorporating ablation. For this intense immunotherapy protocol (6 injections of CpG and 3 injections of αPD-1), the primed groups yielded the same survival outcome in bilateral tumors with and without ablation ( Figure 5D ). However, the rapid response achieved by adding ablation suggests that the immunotherapy dose could be reduced in the future.
Through H&E staining at an early time point (day 35), we found that tumor cell death was more homogeneous with the primed TA-immunotherapy than with immunotherapy alone (Supplemental Figure 7 , A-J). Ablation + CpG + αPD-1-Prime treatment induced tumor cell death throughout the ablated lesion, as indicated by necrosis, ghosted, and pyknotic nuclei (Supplemental Figure 7, C-D) . Similarly, contralateral tumor cell death was striking with the ablation + CpG + αPD-1-Prime treatment, including i.t. hemorrhage and loss of cell-cell adhesion (Supplemental Figure 7 , E and F). Response in CpG + αPD-1-Prime-treated and contralateral tumors was heterogeneous at this time point; viable tumor tissue existed throughout the treated (Supplemental Figure 7 , G and H) and contralateral lesions (Supplemental Figure 7 , I and J).
To characterize this rapid immune response, we assessed immunocyte infiltration into treated and contralateral tumors at day 35 via flow cytometry. Ablation + CpG + αPD-1-Prime treatment significantly increased leukocyte ( Figure 5E ), CD3 + T cell ( Figure 5F ), CD4 + T cell ( Figure 5G ), and CD8 + T cell ( Figure 5H ) frequencies in the contralateral tumors compared with no-treatment controls. Compared with the CpG + αPD-1-Prime treatment, leukocytes ( Figure 5E ) and CD8 + T cells ( Figure 5H ) in ablation + CpG + αPD-1-Prime-treated mice were also significantly increased in contralateral tumors. IFN-γ-producing CD8 + T cells were significantly increased within the spleen when CpG and αPD-1 were combined with ablation (Supplemental Figure 8) , further indicating enhanced systemic effect.
In a direct comparison with other protocols incorporating ablation, primed TA-immunotherapy dramatically reduced tumor growth; however, for bilateral tumors, primed immunotherapy alone reduced tumor growth to a similar extent as primed TA-immunotherapy ( Figure 6A ). Further, tumor-infiltrating CD8 + T cells in the contralateral tumor were dramatically increased by primed TA-immunotherapy ( Figure  6B ), as compared with control groups including ablation ( Figure 6C ), ablation + CpG ( Figure 6D ), coincident TA-immunotherapy ( Figure 6E) , and CpG + αPD-1-Prime ( Figure 6F ).
Priming and thermal ablation of multiple tumors generates a rapid, complete response in distant lesions. We found that primed TA-immunotherapy resulted in a complex local microenvironment by day 38 ( Figure  7 , A-C), with dying tumor and inflammation ( Figure 7B ) surrounding a central pocket of collagen-dense and tumor-free stroma ( Figure 7C ). This complex environment generated concern for diffusion of subsequently injected material and guidance of reablation of remaining tumor. We therefore evaluated the Figure 7F ) and primed TA-immunotherapy-treated tumors ( Figure 7G and Supplemental Figure 9A ) was significantly lower than the control cohort (P < 0.05). In TA-immunotherapy-treated mice at day 50, tumor growth was suppressed in nontreated tumors to a greater extent than with immunotherapy only (Supplemental Figure 9B) . Survival was enhanced by the sequential primed TA-immunotherapy, with 60% and 25% of mice treated with primed TA-immunotherapy and immunotherapy-only surviving at day 100, respectively ( Figure 7H ).
Discussion
This is the first report of the efficacy of combining ultrasound-mediated ablation with checkpoint immunotherapy protocols. Our goal was to determine whether such focal therapy can be effectively incorporated within an immunotherapy regimen, given the clinical significance of such focal therapies. Local treatments including radiation and surgery have each been shown to have both tumor-suppressive and tumor-promoting effects; a similar paradigm is seen here (9, 14, 28) .
Most importantly, our data demonstrate that optimizing the timing of immunotherapy and thermal ablation is crucial for the creation of a curative therapy. We found that a 7-day immunotherapy priming protocol depressed macrophages and MDSCs as a fraction of leukocytes, increased the fraction of M1 macrophages in distant tumors, and enhanced PD-L1 expression and IFN-γ CD8 + T cells in both the treated and contralateral tumors. Ablation following this immunotherapy protocol (primed TA-immunotherapy) was then applied in an environment that was skewed toward an antitumor protocol, resulting in increases in leukocytes and CD8 + T cells, as compared with all control groups. With this primed TA-immunotherapy protocol, the abscopal effects of CpG and αPD-1 resulted in the complete response of 80% of treated mice with bilateral disease at day 90. For bilateral tumors, the survival of mice treated with the primed TA-immunotherapy protocol was similar to that achieved for immunotherapy alone. A greater impact on survival was achieved by the primed TA-immunotherapy protocol when more than 2 lesions were present and were successively treated (2 of 3 lesions). A 60% sustained complete response was achieved with this sequential multisite treatment as compared with a 25% response achieved with immunotherapy alone. In comparison with distant tumors in a bilateral NDL-bearing mouse receiving the single-tumor treatment protocol, the abscopal response was more rapid. The evaluation of multifocal tumor treatment was motivated by the clinical significance of the treatment of disseminated disease, the recognition that immunotherapy efficacy is compromised in patients with a large tumor burden (29, 30) , and the observation of changes in the tumor microenvironment produced by ablation. Based on these observed changes, we hypothesized that sequential treatment of more than one site could be more effective. We found that the response to immunotherapy degraded with enhanced tumor burden (as in refs. 29, 30) , whereas ablation reduced this tumor burden and improved response.
For the coincident TA-immunotherapy protocol, the abscopal effects were diminished as compared with immunotherapy alone or primed TA-immunotherapy, and none of the treated mice exhibited a complete response. This again underscores the importance of the protocol and timing. Two mechanisms have the potential to impact the efficacy of immunotherapy when begun after ablation: mechanical changes in the tumor microenvironment and inflammatory-mediated changes in immune phenotype. Rapid tumor cell death, destruction of blood vessels, and loss of cell-cell adhesion were observed within the ablated region. The rapid cell death resulted in heat fixation of central tumor tissue immediately after treatment, suggesting that a portion of the tumor is incapable of providing the immune system with viable antigen. The kinetics of i.t. transport of small molecules and proteins were greatly altered after treatment. As we have shown previously in ref. 25 , a small molecule contrast agent accumulated within the ablated area with the concentration peaking at 1.5 hours after treatment. Here, we show that reinjection of the contrast agent at later time points does not result in accumulation. Further, PET tracing of a systemically circulating protein confirmed accumulation in the ablated tumor peaked at ~6 hours after treatment before approaching the baseline level within 48 hours. Thus, locally injected immunotherapy, such as the TLR9 agonist applied here, is expected to at least partially clear from the ablated site, and systemically injected immunotherapy will reach the ablated rim but will largely be excluded from the center of the lesion. These changes in microenvironment and perfusion at each tumor site after ablation motivated the successive ablation of multiple lesions.
The second potential issue in the incorporation of focal therapy within immunotherapy protocols is the generation of a local inflammatory response. After a large inflammatory insult, MDSC proliferation and M2 polarization are enhanced, and such changes can be harmful to the antitumor immune response, an effect termed rebound immune suppression (31) . M2 macrophages are reported to limit the response to radiation (28) ; a large increase in macrophages and MDSCs and a trend toward the M2 phenotype were observed following ablation concurrent with immunotherapy. Alternatively, the priming protocol (CpG + αPD-1) generates a robust antitumor immune response and mitigates the inflammatory insult caused by focal therapy, and therefore the combination of the priming protocol and thermal ablation can be very effective.
The optimal dosing and timing regimen for combined immunotherapy and radiotherapy has previously been reported to vary (14) . While fractionated radiotherapy has been reported to synergize with anti-CTLA-4 therapy (32) or with a TLR7 agonist (33), other reports have indicated that concurrent treatment with αPD-1/PD-L1 or αPD-1 and anti-CD137 was effective (14) . A similarly complex question exists for immunotherapy and ablation, but the timing of the response is very different. Thermally mediated cell death within the immediate region is rapid and can create an immediate source of antigen to enhance tumor recognition (34). A rapid response is attractive since clonal evolution can produce ever more aggressive phenotypes, which are resistant to targeted therapeutics (35, 36) and immunotherapeutic toxicity can be dose limiting (37) .
Although we describe some disadvantages of thermal and focal therapies above, there are also significant advantages to incorporating these methods within immunotherapy protocols. As with radiotherapy, treatment-related release of factors associated with ICD, such as HMGB1 and local increases in IFN-γ, are associated with tumor rejection. As with surgery, tumor debulking is expected to eliminate a significant fraction of tumor-induced immunosuppression. When combining such treatments with immunotherapy, a hypothesized requirement is for some mass of immune-related factors, including tumor-associated antigens and T cells, to remain. With image-guided therapies, we can control the volume of tumor ablated or remaining in many instances. For thermal ablation, we chose a protocol in which the ablated region did not fully encompass the entire tumor, avoiding heat fixation of the tumor rim and providing a source of tumor antigen. Unlike many previous methods of thermal ablation, here the temperature is continuously monitored and controlled, and the treated region can be conformed to the disease site. Thermal ablation can be successfully applied regardless of the tumor environment; there is no limitation on its use in poorly perfused and hypoxic tumors.
It is important to recognize that the immune environment in this mouse model prior to treatment provided a suitable phenotype for immunotherapy. Immunotherapy, ablation, and combined protocols may each be less effective in tumor models with fewer native T cells and a greater fraction of MDSCs.
In summary, our data suggest that a primed ablation protocol can enhance treatment response with a high tumor burden. Also, as a result of mechanical and immunologic changes in the tumor microenvironment following from local ablation, there is a window of opportunity for employing immunotherapy, after which the ablation may actually limit the efficacy of immunotherapy. Given the growing use of both of these modalities in the clinic and the interest in combining focal therapies with immunotherapy, these findings have profound and direct clinical implications for the design of new treatment strategies for metastatic cancer.
Methods
Supplemental Methods are available online with this article.
Animal models. The NDL metastatic mammary carcinoma cell line was obtained from the Alexander Borowsky Laboratory (University of California, Davis) (27, 38) . FVB/n mice (6-10 weeks old, 15-25 g, Charles River Laboratories) were orthotopically transplanted with syngeneic NDL tumor biopsies (~1 mm 3 ) into the bilateral #4 and #9 inguinal mammary fat pads as previously described (39) . For studies involving multisite ablation, a third NDL tumor (~1 mm 3 ) was placed orthotopically into the #2 mammary fat pad on the right side.
MRgFUS ablation protocol. MRgFUS was performed with a Bruker BioSpec 7T small animal system (Bruker Biospin), MR-compatible 16-element annular transducer (Imasonic SAS) (48 mm diameter, 35 mm radius of curvature, 3 MHz central frequency), and MR-compatible transducer positioning system (Image Guided Therapy). The treatment plan used 5 acoustic Watts and an acoustic pressure of 3.1 MPa. Acoustic pressure was calibrated with a fiber optic hydrophone (HFO690, Onda Corp.) in a degassed water bath in free-field conditions. The highly focused annular array achieved a 0.5 mm × 0.5 mm × 1.5 mm instantaneous focal volume. The focal volume was scanned through the tumor volume in a circular pattern with the diameter selected to ablate to within 1-2 mm of the tumor edge and with a scan speed of 1 revolution per second. Thus, heat diffusion from the rim to the center facilitated ablation of the tumor volume. Each treatment plan was designed to induce temperatures greater than 65°C and a thermal dose in cumulative equivalent minutes at 43 degrees (CEM43) of more than 5,000.
Mice were first imaged with T1-weighted MRI for tumor localization, using the MRI images to position the mouse such that the ultrasound beam did not pass through sensitive organs. Scan parameters of echo time/repetition time (TE/TR) = 12.5/750 ms, field of view (FOV) = 3.2 cm × 3.2 cm, acquisition matrix (MTX) = 256 × 256, slice thickness/slice interval (ST/SI) = 1/1 mm, and 9 slices were used for T1-weighted imaging. Temperature was monitored by the MR proton resonance frequency shift using Thermoguide software (Image Guided Therapy), with α = -0.0101 ppm/°C, TE/TR = 4.5/21 ms, as described (40) . Temperature was validated with a Luxtron STB fiber optic probe (Lumasense Technologies). Prior to MRgFUS, mice were given 0.05-0.1 mg/kg buprenorphine s.c. and 0.05 mmol/kg of gadoteridol (Bracco Imaging) via i.p. injection.
Reagents. CpG-ODN 1826 (5′-tccatgacgttcctgacgtt-3′; total backbone phosphorothioated) was purchased from InvivoGen. The checkpoint inhibitor, rat anti-mouse PD-1 antibody (αPD-1, RMP1-14) was purchased from Bio X Cell.
In vivo studies. Briefly, therapy was started when tumors reached approximately 0.5 cm in the largest diameter. A total of 210 NDL tumor-bearing mice were studied, randomized among groups including: no-treatment control (n = 40), ablation (n = 35), CpG (n = 17), αPD-1 (n = 12), ablation + CpG (n = 8), ablation + CpG + αPD-1 (n = 18), CpG + αPD-1 (n = 21), CpG + αPD-1-Prime (n = 21), ablation + CpG + αPD-1-Prime (n = 28), Multisite CpG + αPD-1-Prime (n = 4), and Multisite ablation + CpG + αPD-1-Prime (n = 5). All injections below immediately followed ablation. Tumor diameters were measured with ultrasound biweekly, and mice were sacrificed when tumors reached 1.5 cm in the longest dimension. For all relevant groups, αPD-1 was injected i.p. at a dose of 200 μg, as in ref. 41 . For all relevant groups, CpG was injected i.t. into a single tumor at a dose of 100 μg, as in ref. 7 .
For the ablation, ablation + CpG and ablation + CpG + αPD-1 groups, MRgFUS ablation was performed in a single tumor on days 21 and 28 after initial tumor implantation. For CpG, ablation + CpG, CpG + αPD-1, and ablation + CpG + αPD-1 groups, CpG was injected into a single tumor on days 21, 24, and 28. For the αPD-1, CpG + αPD-1, and ablation + CpG + αPD-1 groups, αPD-1 was injected on days 21 and 28.
For 2 protocols that involved priming the immune system prior to ablation (CpG + αPD-1-Prime and ablation + CpG + αPD-1-Prime), CpG was injected into a single tumor on days 21, 24, 28, 31, 38, and 45; αPD-1 was injected on days 21, 28, and 35; and MRgFUS ablation was administered on days 31, 38, and 45. For the Multisite ablation + CpG + αPD-1-Prime cohort, the tumor transplanted in the left side ninth mammary fat pad received CpG injections on days 21, 24, 28, 31, and 45 and ablation on days 31 and 45. The tumor transplanted in the fourth mammary fat pad received 1 CpG injection and ablation treatment on day 38. αPD-1 was injected on days 21, 28, and 35.
Flow cytometry antibodies. The following fluorochrome-conjugated mAbs were purchased from BioLegend: Pacific blue (PB) anti-CD45 (30-F11), fluorescein isothiocyanate (FITC) anti-F4/80 (BM8), phycoerythrin (PE) anti-NK1.1 (PK136), PE-Cy7-anti-CD3 (145-2C11), PE-Cy7 anti-CD11c (N418), allophycocyanin (APC) αPD-1 (RMP1-30), APC anti-CD206 (C068C2), APC-Cy7 anti-CD11b (M1/70), APC-Cy7 anti-CD25 (PC61), Alexa Fluor (AF) 700-anti-CD8a (53-6.7), and AF-700 anti-Ly6G/Ly6C (Gr-1, RB6-8C5); the following were purchased from BD Biosciences: FITC anti-CD4 (GK1.5), and PE anti-CD86 (GL1); and the following were purchased from eBioscience: PE anti-Foxp3 (FJK-16s) PET imaging. Tumor permeability and the distribution of albumin was investigated using PET. Fatty acid and globumin-free BSA (A0281) was purchased from Sigma-Aldrich (99%, MW of 67 kDa). In vivo and ex vivo imaging was performed with a micro-PET scanner (Focus 120, Siemens Medical Solutions Inc). Animals that received radiolabeled albumin were imaged at 0, 6, 18, 24, and 48 hours after tail-vein injection. Data were acquired for 2 hours and rebinned into a dynamic scan for the 0-to 2-hour time point.
Cellular HMGB1 release. NDL tumor cells were plated at 3.5 × 10 5 cells/well in 12-well tissue culture treated plates 24 hours prior to experiments. Cell plates were placed in either a 37°C, 60°C, 70°C, 80°C, or 90°C water bath for 1 minute and allowed to cool to room temperature for 5 minutes. Doxorubicin (5 μg/ ml final concentration) or media alone was then added directly to the cell wells to bring the total volume to 500 μl. Cells were incubated continuously with treatments for 24 hours in a 37°C humidified CO 2 incubator. After 24 hours, cell culture media was collected and centrifuged at 300 g for 5 minutes. Debris-free culture supernatant was transferred to a fresh tube, and HMGB1 content in undiluted samples was measured via ELISA (MBS722248, MyBioSource) following the manufacturer's instructions. HMGB1 concentration was normalized to total cell number (live + dead cells, counted via hemocytometer) for each sample. All treatments were analyzed in triplicate.
Statistics. Statistical analyses were performed using Prism 7 software (GraphPad Software Inc.). Results are presented as mean ± SEM, unless otherwise indicated. For analysis of 3 or more groups, a one-way ANOVA test was performed followed by a Fisher's LSD test without multiple comparisons correction in GraphPad Prism. Analysis of differences between 2 normally distributed test groups was performed using an unpaired t test assuming unequal variance. P values less than 0.05 were considered significant. Study approval. All animal studies were conducted according to guidelines approved by the University of California, Davis Animal Care and Use Committee (IACUC).
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